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Abstract
Phenol methylation is an industrially important reaction since 2,6-xylenol obtained by this reaction is a key intermediate in the synthesis of poly (2,6-dimethyl) phenylene oxide, a polymer used in the production of housings for electrical equipment and of pipes resistant to high pressure and temperature. The stringent specifications and the demand of this chemical necessitate the development of catalytic systems and the processes for its selective production. Several papers and patents have been published on the alkylation of phenol with methanol in the presence of different catalyst systems varying from MgO, Al2O3, metal oxides, mixed metal oxides and zeolites. The commercial process for the synthesis of o-cresol and 2,6-xylenol is based mainly on MgO and supported vanadium-iron mixed oxide. However these catalysts possess disadvantages such as (i) low yield of 2,6-xylenol, the most demanded methylated product (ii) fast deactivation due to coking (iii) reproducibility is poor since the catalyst composition, particularly the active phase is not well defined, and (iv) there is always para alkylation to the extent of at least 4%, thus making the separation of impurity as an essential unit process. In addition, higher alkylated products are also reported bringing down the yields. Compounds based on iron oxide system whose acid-base strength in between MgO and Al2O3 are found to be better choice for the selective production of 2,6-xylenol from phenol and methanol. Spinel oxides prepared by low temperature co-precipitation methods are reported to catalyze various reactions. Recently these materilas have been successfully applied for various aromatic alkylation and acylation reactions. Members of a subgroup of spinels, ferrites, are also applied extensively e.g. for alkylation. One of the simplest ferrospinels, magnetite, (Fe3O4), exhibits catalytic activity in production of 2,6-xylenol. To improve the catalytic performance of ferrites, modifying cations can be introduced into the structure. In alkylation processes the activity is primarily attributed to presence of acidic sites; Lewis sites are favoured for methylation and, however deactivation occurs on Bronsted sites. The structure of catalyst may change simultaneously while catalyzing a reaction. For example, in a single-component iron oxide catalyst the active magnetite phase develops from hematite in the course of the alkylation of phenol. It can be assumed that addition of other, easily reducible second element, e.g. Cu may extend the Fe3+ ? Fe2+/3+ reduction to a larger proportion of iron, beyond the stoichiomertic 1 : 2 ratio corresponding to the nominal ratio of (A) and [B] sites in spinels. On the other side, structure stabilizers, like Co, may stabilize iron in the ferric state even in higher proportion, exceeding the nominal 1 : 2 ratio. This presumption has been proven and modifying effects of various other oxides are demonstrated in methylation of phenol. 
OBJECTIVE OF THE PRESENT INVESTIGATION 
In the present study effects of simultaneous addition of Cu and Co are studied in a series of Cu1-xCoxFe2O4 (x= 0, 0.25, 0.5, 0.75, 1.0) samples. Elucidation of the nature of Cu and Co interaction in the spinel system is very useful to understand the selective orthomethylation of phenol and in general to explore the role of Cu-Co synergism on the catalytic performance in various industrially important chemecal processes. Hence, the following important objectives were taken into consideration: ? Preparation of a series of ferrospinels containing Cu and Co having a general formula Cu1-xCoxFe2O4 ( where x = 0, 0.25, 0.50, 0.75 and 1 ) by co-precipitation method. ? Characterization of Cu1-xCoxFe2O4 by physicochemical and spectroscopic methods such as XRD, XRF, SEM, surface area (by N2 sorption), TG-DTA, TPR, Mossbauer and photoemission. ? Most important was the evaluation of the catalytic activity of the systems for phenol methylation using methanol as the alkylating agent and to optimize the process parameters to achieve the synthetically valuable C-alkylated products o-cresol and 2,6-xylenol selectively and in better yield. ? Detailed analysis of the fresh and spent catalysts to understand the changes in electronic, and structural features that occur during phenol methylation. Photoemission and other characterization techniques such as M?ssbauer, TPR, TPD, TG-DTA etc have been employed for the above purpose. ? Acid-base properties of the catalysts by in situ FTIR technique using pyridine and CO2 as probe adsorbate. Evaluation of donor-acceptor properties of these materials using electron acceptors having different electron affinity values to understand the strength and distribution of electron donor sites. ? Phenol alkylation by using various alkylating agents such as dimethyl carbonate, ethanol, isopropanol and isobutene and to compare the catalytic performance between various alcohols or alkene as alkylating agent. ? Adsorption behavior of both reactants and products of phenol methylation such as phenol, methanol, o-cresol, 2,6-xylenol, anisole and HCHO over the surfaces of selected compostions of the system Cu1-xCoxFe2O4 by in situ FTIR technique to get an insight on the mechanism of phenol methylation over these catalyst surfaces. 
OUTLINE OF THE THESIS 
The thesis has been divided into five chapters. 
CHAPTER I: INTRODUCTION 
Chapter I present a general introduction to catalysis and various types of catalysts. It describes the published literature on the structure, preparation and catalytic aspects of spinels with special emphasize on ferrites. The acid-base properties, an important aspect of heterogeneous catalysis, and its origin on oxide surfaces are discussed briefly in this chapter. The necessity of using XPS as a surface technique in catalysis is described. It presents the use of various alkyl phenols and the importance of phenol methylation. Various catalysts reported for phenol methylation are discussed. The necessity of developing a catalyst system for phenol methylation and why ferrites based on Cu and Co are employed for this are described. Finally the scope of the thesis is outlined. 
CHAPTER II: EXPERIMENTAL AND PHYSICO CHEMICAL CHARACTERIZATION This chapter describes the procedure for the synthesis of various compositions of the Cu1-xCoxFe2O4 series. Characterization studies of these materials were carried out by XRD, XRF, SEM, surface area (by N2 sorption), IR and TG-DTA. Theory and experimental procedure for each technique are described briefly under the respective technique. Theory and experimental procedure employed for other techniques such as Mossbauer, XPS, TPR and TPD are also discussed in this section. The experimental set up for gaseous phase reaction is mentioned in this secton. The acid-base properties of the system is evaluated by using different probe molecules and is discussed in detail. The IR spectra of ferrospinel reveals Fe3+ and Co2+ ions are mainly responsible for various hydroxy groups on the surface. The IR adsorption of pyridine is carried out to evaluate the acidiy of the system. Temperature dependent IR studies of pyridine adsorbed spinels and on deliberately added metal oxide to the spinel phase exemplifies the contribution of metal ions and its coordination state towards Lewis acidity. IR studies of spinel surface adsorbed with CO2 and adsorption studies of electron acceptors such as 7,7,8,8-tetracyanoquinodimethane, 2,3,5,6-tetrachloro-1-4-benzoquinone and p-dinitrobenzene are carried out to evaluate the nature of basic sites and the strength and distribution of electron donor sites present on the spinel surface. It is found that acidity (basicity) of the Cu1-xCoxFe2O4 spinel system increases (decreases) from x = 0 to 1. 
CHAPTER III: CATALYTIC ACTIVITY STUDIES AND MECHANISM OF PHENOL METHYLATION 
Chapter III is divided into two sections. Section I presents the catalytic activity data of phenol alkylation in the vapour phase over Cu1-xCoxFe2O4. Among various alkylation reactions, methylation of phenol is studied extensively. The optimization of phenol methylation is carried out by varying reaction parameters such as temperature, methanol/phenol mole ratio, space velocity and influence of water in the feed mixture. From the activity data it is concluded that composition x = 0.50 exhibits maximum activity towards phenol conversion and 2,6-xylenol selectivity. Phenol alkylation is also carried out by employing various alkylating agents such as DMC, ethanol, isopropanol and isobutene. Alkylation of phenol with DMC results both C- and O- alkylated products. Reaction of phenol with ethanol and isopropanol provide ortho alkylated products 2-ethyl phenol and 2-isopropyl phenol respectively as major products over the Cu1-xCoxFe2O4 catalyst system. The main products of t-butylation of phenol with isobutene as alkylating agent are 2-tertiary butyl phenol (2-TBP), 4-tertiary butyl phenol (4-TBP) and 2,4-di tertiary butyl phenol (2,4-DTBP), of which 2-TBP predominates over the others. Section II describes the mechanistic aspects of phenol methylation over the surfaces of Cu1-xCoxFe2O4. FTIR adsorption of reactants and products of phenol methylation were carried out over Cu1-xCoxFe2O4 to understand the mechanism of phenol methylation. It has found that the active center for the ortho methylation is an acid-base pair site. 
CHAPTER IV: CHARACTERIZATION OF SPENT CATALYSTS AND Co-Cu SYNERGISM 
Chapter IV is divided into two sections. Section I describes the characterization of spent catalysts to understand the various aspects of structural features happened both in bulk and surfaces of all the compositions of the system Cu1-xCoxFe2O4 due to phenol methylation. XRD, TG-DTA, DRIFT IR, surface area, TPR and TPD, Mossbauer and XPS were carried out for this purpose and the results are discussed in detail in this section. Irrespective of the alkylating agent, composition x = 0.50 shows maximum activity in terms of phenol conversion and corresponding ortho alkyl selectivity. Hence the analysis of the spent for various phenol alkylations are restricted only to x = 0.50 composition. However only XRD and XPS has chosen to examine the changes in surface and the oxidation states of various metal ions for different alkylations. Various features and conclusions arrived due to the characterization of spent catalysts were discussed in section II. The importance of Cu-Co synergism that plays a major role in the efficient dimethylation of phenol to 2,6-xylenol is discussed in this section. The better catalytic results observed with x = 0.5 is attributed to an optimum distribution of Cu-species with heteroatom neighbors on the surface and the maximum overlap between the Cu and Co 3d bands makes the ferrospinel integrated chemically and electronically. Low phenol conversion and 2,6-xylenol selectivity at x = 1, changes very significantly and favorably by the addition of Cu at x = 0.75 and 0.5 clearly demonstrates the prime importance of Cu in phenol adsorption and combined effect of Cu+Co for 2,6-xylenol selectivity in this system. Different phenol alkylations are compared in this section. With regard to the alkylating ability of the alcohols studied, the total conversion of the phenol follows the order: methanol " DMC > ethanol > isopropanol " isobutene. A correlation between acidity, basicity and catalytic performance is also discussed in this section and reveals that an intermediate acid-base character enhances the phenol methylation activity. 
CHAPTER V: SUMMARY AND CONCLUSION 
Chapter V presents an overall summary of the work. The various conclusions drawn based on the work are summarized in this chapter. 
  	 


